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Abstract 
This paper focuses on two issues. The first of these is the necessity for close interaction between 

instrument designers and moderator designers. Several tools that would help facilitate this interaction 
are discussed. These include a database of moderator performance measurements and calculations and 
improved calculational capabilities that would permit rapid response to new moderator ideas or 
requirements. The second issue addressed is the importance of background in determining the quality 
of the data, with emphasis on the idea that in many measurements parts of the pulse shape itself act as 
background. Examples illustrate cases in which the instruments are better off if the source produces 
fewer neutrons, provided the missing neutrons are eliminated from the tail of the pulse rather than 
from the peak. 

What would the instrument designers like? 
Of course the instrument designers would like a target-moderator-reflector system that produces 

very high intensity in very sharp pulses, and with no background. However, this ideal system doesn’t 
exist yet, so we have to look at what are the realistic possibilities and try to specify the best possible 
practical moderators for the instruments being designed. For best results, close interaction between the 
moderator designers and the instrument designers is essential. Some new tools would also aid in this 
investigation and optimization process. 

One tool that would be a significant help would be an extensive and easily accessed target- 
moderator-reflector performance database and bibliography. This database should include both the 
measurements and calculations that have been performed to determine pulse shapes and spectral 
intensities for various target-moderator-reflector materials and configurations, and should also contain 
a detailed description of the geometry, materials, and measurement or calculational technique 
involved in each case. Descriptions of calculational techniques should include details of the binning 
and smoothing used to determine the pulse shapes and spectra, and should also provide information 
about the scattering kernels used for the different materials, where relevant. To the extent practical, 
this database should include fitted functions or other data parameterizations that can be used for 
interpolations and extrapolations of the measured or calculated data. 

quickly obtain a first-cut estimate of the source performance expected, as a basis on which to begin 
instrument design. Furthermore, a search of this database should significantly narrow the parameter 
space that needs to be explored with additional measurements or calculations, thus simplifying the job 
of optimizing the instrument and the target-moderator-reflector system for this application. 

calculational capability. To reach this state, the present Monte Carlo codes need to have a much easier 
means for describing the geometry, since coding the detailed geometry description appears to take a 
long time at present and hence is a major impediment to carrying out new calculations. A second 
aspect that is required to make the Monte Carlo codes more useful is the careful benchmarking of 

The availability of such an easily searched database should enable the instrument designers to 

A second tool that would be of great use would be the provision of quick and accurate 
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these codes against a variety of operating target-moderator-reflector systems. Scattering kernels then 
need to be improved until there is a good match between calculated and measured performance under 
a variety of conditions. 

If this improved calculational capability were available, the consequences of any proposed 
changes in the target-moderator-reflector geometry and materials could be quickly assessed in detail 
and with confidence in the accuracy of the results. This would in turn facilitate a much greater degree 
of optimization of the source performance for the various intended applications. 

&& every neutron is a good neutron! 

Bad neutrons are those that hinder this process. Good neutrons can be thought of roughly as the signal 
and bad neutrons as the background. However, even some of the features that would traditionally be 
described as part of the signal actually act as bad neutrons in that they detract from the information 
content of the measurement. As we will see in examples below, scattering from the tails of the neutron 
pulses by the sample can act as background even though this is scattering involving the processes of 
interest in the sample. Thus some non-traditional thinking about what is signal and what is 
background is required. 

Good neutrons are those that contribute to extracting the information of interest from the sample. 

Signal and Background 

B.  This is still correct provided signal and background are properly identified. 
In the usual analyses, the measured scattered intensity I includes the signal S and the background 

S=I-B  

( ss )=( 61 ) + ( ~TB ’) = I+B 

CT J I + B  
s s  (3) 

Here G is the statistical error in the signal, so increasing the background always worsens the relative 
statistical error. If the background is not smooth or presents other problems, then difficulties in 
determining the background may also contribute a systematic error to the measured value of the 
signal S. 

Long Pulse Tails are Bad Neutrons 
Figure 1 shows the pulse shapes from several different liquid hydrogen moderators measured at a 

wavelength of 3.94 A [ 11. For cases a) and b) the tail extends to very long times, and is still -10% of 
the peak amplitude at 800 p. When a number of such pulses are closely spaced, these tails pile up to 
form an appreciable background under the successive peaks. 
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Figure 1. Pulse shapes from liquid hydrogen moderators under different conditions: a) fully 
coupled with premoderator; b) fully coupled with no premoderator; c) coupled with poisoned 

premoderator. 

Consider as an example the TOF Laue diffraction from a protein crystal. To resolve peaks down to 
a minimum d-spacing of d,  (A) requires a spacing AZ (p) between peaks of [2], 

where At is the fwhm pulse width (ps), a is the crystal unit cell dimension (A), and L is the source- 
detector distance (m). For a typical protein crystallography application, ,516 m, 1=4 A, dm=2 A. 
a=70 A, and 0=60" [3], which gives a spacing between peaks of -00 p at a wavelength of 3.46 A. 

Figure 2 shows the superposition of a series of peaks with shapes given by the pulse shapes of Fig. 
1, and separated by 400 p. The first peak in this figure is just the pulse shape from Fig. 1, the second 
peak is that pulse shape superimposed on the tail from the first peak, and so on. If we consider the 
desired signal to be the integral S, over an isolated pulse from 0-400 p, then S, can be deduced 
from the first peak in the figure. The total measured intensity I in this simple model is the integral 
under one of the peaks where the full superposition has occurred (right side of the figure). The best 
estimate of the background B is the integral over this same region of a constant equal to the height of 
the valley between the peaks in this region, and the measured signal is S = I-B. With these defrnitions 
Fig. 2 yields the values given in Table 1. As can be seen from the Table, both the absolute accuracy 
MJS- and the statistical precision o/S improve as the total number of neutrons is reduced 
(progressing from Case a to Case c). 
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Figure 2. Superposition of a series of peaks with shapes of Figs. l a  (upper curve), l b  (middle 
curve) and IC (lower curve), with peaks separated by 400 p. 

Table 1. Signal and background with 400 p separation between peaks. 

Case a 247 358 196 162 0.34 0.15 
Case b 147 204 91 113 0.23 0. I5 
Case c 116 130 33 97 0.16 0.13 

This simple example qualitatively represents the case recently considered at h s  Alamos, where a 
more sophisticated investigation of the moderator conditions appropriate for a TOF Laue protein 
crystallography instrument have just been completed. Protein crystallography requires the 
measurement of the intensity in a large number of weak peaks, so the first thought was to use a fully 
coupled moderator to provide the highest intensity possible. However, careful analysis of the 
background due to the tails has led to the choice of a partially-coupled moderator for this instrument, 
rather than the fully coupled moderator originally suggested [4]. 

Even Short Tails can be Bad Neutrons 

Neutron pulses from the moderator typically have a rapidly rising leading edge followed by a 
slowly decaying tail. Some examples are shown in Fig. 1. As shown in Fig. 1, under some conditions 
it is possible to vary the width of the cold neutron pulse by changing the decay time of the tail, 
without appreciably affecting the peak height or the shape of the leading edge of the pulse. Under 
these conditions the question arises: Is it better to use the full intensity available with a wide peak, or 



is it better to throw away intensity by narrowing the peak? In other words: Are all of the neutrons in 
the wide peak "good neutrons"? This question is explored in this simple example. 

resolution function incorporating the asymmetric pulse shape from the moderator. The function shown 
is a Gaussian (fwhm 1.18 in the units shown) convoluted with an exponential (decay constant 3 in the 
units shown). Also shown in Fig. 3 is a symmetric "resolution function" obtained by replacing the tail 
of the first function by a mirror image of the leading edge. This symmetric function has the same 
amplitude as the asymmetric one, but is much narrower. This represents the idealized case where the 
pulse from the moderator has been sharpened with no reduction in peak height but with a considerable 
reduction in width and total spectral intensity. The total area under these resolution functions 
represents the relative total intensity of the source pulses in the two cases. For the functions shown in 
Fig. 3. the area under the symmetrized peak is 45% of that under the asymmetric one. We investigate 
the ability of instruments with these two resolution functions to extract information from a scattering 
experiment. 

Figure 3 shows a simple asymmetric function that qualitatively represents an instrument 
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Figure 3. Model asymmetric and symmetric resolution functions. 

Figures 4 and 5 show a model scattering function consisting of a weak Gaussian peak close to a 
strong Gaussian peak, This model scattering function permits the widths, relative amplitudes, and 
separation between the two peaks to be varied easily. These are all parameters that we might want to 
determine with a measurement. Although this is a simplified model, it is representative of conditions 
that occur in a variety of different types of scattering experiments, such as powder diffraction, 
molecular spectroscopy, etc. Figures 4 and 5 also show the simulated scattering data obtained by 
convoluting each of the two resolution functions of Fig. 3 with this scattering function and adding 
random statistical fluctuations equivalent to 5 %  statistics at the highest peak. The data obtained with 
the asymmetric resolution function shows only a hint of a shoulder to indicate the presence of the 
second peak, while the second peak is clearly present in the data obtained with the symmetric 
resolution function. 
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Figure 4. Model scattering function (solid) and simulated scattering data using the asymmetric 
model resolution function. 
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Figure 5. Model scattering function (solid) and simulated scattering data using the symmetric 
model resolution function. 

The simulated scattering data in both cases were fit with a function consisting of two Gaussians 
convoluted with the original asymmetric or symmetric resolution function. Table 2 shows the fitting 
parameters obtained in the asymmetric and symmetric cases as the width, amplitude, and separation of 
the second peak in the original scattering function were varied. The table also shows the rms statistical 
uncertainty Q for each fitted parameter and the deviation A of the fitted parameter from the true value 
for that parameter. The smallest deviation and statistical uncertainty are underlined in each case. 



Table 2. Fitted parameters derived from the simulated data. 

Asymmetric Resolution Symmetric Resolution 
True Fit Fit 

Parameter Value Value CY A Value 0 A 

~ ~~ ~ ~~ ~ ~~ 

Asymmetric Resolution Symmetric Resolution 
True Fit Fit 

Parameter Value Value CY A Value 0 A 

Case 1 
peak1 fwhm 2.0 1.984 Ql.24 -0.0 16 1.992 0.27 -0.008 
peak2 fwhm 4.0 4.028 4.2 12928 3.93 1 323 -0.069 
peak2 center 4.0 3.946 1.5 -0.054 4.01 3 lA nsu 
peak2 height 0.1 0.103 0.067 0.003 0.102 QlQfi3 Qa22 

Case 2 
peak1 fwhm 2.0 1.982 llLL8 -0.0 18 1.987 0.22 -1).013 
peak2 fwhm 3 .O 3.11 2.1 0.11 3.008 Ll nsns 
peak2 center 4.0 3.963 0.67 -0.037 3.989 QAQ -0.011 
peak2 height 0.2 0.198 0.096 -0.002 0.201 a982 nscu 

Case 3 
peak1 fwhm 2.0 1.996 a25 -0.004 2.OOO 0.28 rn 
peak2 fwhm 3 .O 2.84 2.1 -0.16 2.87 Lz a L 2  
peak2 center 3 .O 3.017 0.78 Qsu 3.028 rn 
peak2 height 0.2 0.212 0.1 1 0.0 12 0.206 0.081 m 

0.028 

a = rms statistical uncertainty of fitted parameter 
A = deviation of fitted parameter value from true value 

The interesting result that emerged from this exercise is that the symmetric resolution function did 
a better job of extracting the peak information than did the asymmetric function. Both the statistical 
precision and the absolute accuracy with which the parameters were determined were better for most 
parameters with the symmetric function. This improved information content of the data was obtained 
despite the fact that the symmetric function represented only 45% of the total intensity of the 
asymmetric function. Thus one can reasonably say that for this case at least 55% of the neutrons in the 
asymmetric pulse were not “good neutrons”, and in fact were detrimental to the goal of extracting 
scattering information from the sample. 

Other Examples of Bad Neutrons 

Some other examples of bad neutrons produced by the source include delayed neutrons and fast 
neutrons. Neither of these are ever “good neutrons”, but both occur in conjunction with good neutrons. 
Delayed neutrons are produced when fission processes are used to enhance the neutron production 
from the spallation target, as is the case with depleted or enriched uranium targets. Fast neutrons occur 
in every pulse and their relative numbers tend to increase as the target-moderator coupling is 
improved (e.g., by moving the moderator closer to the target or into slab geometry). Thus a careful 
weighing of the advantages of more good neutrons against the disadvantages of more bad neutrons 
must be made in each case. 

Summary 
This paper has emphasized the importance of background in determining the quality of the data. 

Examples showed that in many measurements parts of the pulse shape itself act as background. Thus 



the neutron scattering instruments often perform better if the source produces fewer neutrons. This is 
likely to be the case if the missing neutrons are eliminated preferentially from the tail of the pulse 
rather than from the peak. It may also be the case if the source is producing substantial fast neutron or 
delayed neutron background, and if this background can be reduced proportionately more than the 
reduction in overall source intensity. 

It is important to remember that the goal of a neutron scattering facility is not to produce the most 
neutrons, but rather to extract the most information from the neutron scattering samples. Both the 
target-moderator-reflector performance and the instrument performance should be optimized with this 
goal in mind. Close interaction between the target-moderator-reflector designers and the instrument 
designers is essential in this process. 

References 

[l] N. Watanabe, Y. Kiyanagi and M. Furusaka. "Recent progress in developing high-efficiency 
cryogenic moderators", Proceedings of the l? Meeting of the International Collaboration on 
Advanced Neutron Sources (ZCANS XZZI), held at the Paul Schemr Institute, Switzerland, 
October 10-14, 1995, PSI Proceedings 95-02. Pp. 659-665 (1995). 

[2] C. C. Wilson, private communication (1996). 
[3] B. Schoenbom, private communication (1996). 
[4] B. Schoenbom, private communication (1997). 

The submitted manuscript has been created 
by the University of Chicago as Operator of 
Argonne National Laboratory ("Argonne") 
under Contract No. W-31-109-ENG-38 with 
the US. Department of Energy. The U.S. 
Government retains for itself. and others act- 
ing on its behalf. a paid-up. nonexclusive. 
irrevocable worldwide license in said article 
to reproduce. prepare derivative works. dis- 
tribute copies to the public. and perform pub- 
licly and display publicly, by or on behalf of 
the Government. 


